Abstract Severe floods usually result in harmful sediment and pollutant dispersion in shallow coastal regions. This study therefore presents a three-dimensional hydrodynamic and transport model investigation into the sediment transport behaviour following severe flooding which occurred in the Brisbane River catchment. It was found that the flooddriven sediment plume formed in the adjacent Moreton Bay and then spread into the northern part of the bay. Based on analysis of the variations in horizontal sediment flux, four distinct characteristics of sediment transport were identified, corresponding to the combined effects of flooding runoff and tidal currents. Firstly, within the estuary, sediment was driven by the flood discharge and primarily transported in the seaward direction. Secondly, at the river mouth, the transport pattern of the sediment was similar that of the first region, however, the horizontal flux was significantly smaller by 50%. Thirdly, a short distance from the river mouth, variations occurred not only in magnitude but also in transport pattern. Lastly, within the coastal bay, the sediment transport was mainly driven by tides, resulting in the changing direction of sediment movement. It was estimated that approximately 1.01 9 10 6 tonnes was discharged from the Brisbane River estuary into the bay during the flood event in January 2011. This study exhibited the characteristics of sediment transport within a tidal dominant estuary following a severe flood event. The results would be used to assist the implementation of coastal management strategies.
Introduction
Estuaries deliver water and pollutants from surrounding urban activities into their adjacent coastal regions causing ecosystem degradation. Severe storm runoff associated with contamination has therefore been recognised as one of the major sources of coastal pollution in the short term. Due to climate change worldwide, it is expected that extreme flooding events would increase both in occurrence and severity [1] . A flood-driven sediment plume would carry a large volume of sediment which may contain a variety of pollutants and spread them through coastal areas, causing further deterioration of the coastal system.
A number of studies have been conducted to investigate flood-driven sediment plumes in recent years [10, 11, 13, 19, 25, 28] . Yu et al. [25] revealed that the amount of runoff was the principle factor leading to sediment plume generation and development, and that wind played another important role in plume movement. Geyer et al. [10] investigated the variation of the sediment plume from the Eel River, United States, during the floods of 1997 and 1998. The peak discharge persisted for 3 days, ranging from 4000 to 12,000 m 3 /s, and was accompanied by strong winds from the southern quadrant. The sediment plume travelled 7 km offshore with northward velocities of 0.5-1 m/s. An investigation after the Mississippi River experienced its highest runoff with a discharge of 30,674 m 3 /s, reported that the size of the plume area reached up to 5984 m 2 , which was twice as large as the 6-year mean value. As the sediment plume spread into coastal regions, the mean concentration of the suspended matter increased from the 6-year mean value of 20 to more than 30 mg/L, predicting a long-term harmful impact on the coastal ecosystem [19] .
Various visible and near infrared bands were proposed as water turbidity level indicators to observer the plume in previous studies [21, 22, 24] . For instance, Shi and Wang [19] used the satellite images to observe the flood-driven Mississippi River sediment plume development. Wang et al. [23] retrieved water reflectance at Band 4 (with a wavelength range of 770-860 nm) from The Enhanced Thematic Mapper Plus (ETM?) images to estimate the suspended sediment concentration in the large, turbid Yangtze River. A similar investigation was conducted by Wang and Lu [22] , which retrieved water reflectance at Band 2 (with wavelength range of 841-876 nm) from the Moderate Resolution Imaging Spectroadiometer (MODIS) aboard NASA'S Terra satellite to estimate the suspended sediment concentration in the Lower Yangtze River. It can be seen in previous studies [22, 23] that the band selection for turbidity estimation generally depends on the wavelengths of bands and other geographically correlated factors, such as the particle properties.
Cheng et al. [4] identified three stages of development of a flood-driven plume. Flood river runoff dominated the first stage, estuarine circulation drove the plume at the second stage, and then sediment settling was predominant in the third stage. Cheng et al. [4] also found that most of the floodwater was trapped in the estuarine turbidity maximum (ETM) area, and a small amount of very fine sediment was transported seaward into the mid-bay, due to the tidal asymmetries.
In Australia, the input of marine sediment from Moreton Bay (about 456,000 tonnes) was the major source of suspended sediment that ran into the Brisbane River estuary (BRE) during an average flow year [9] . However in January 2011, the State of Queensland experienced the largest flood event since 1974. As a result, the channel banks of the Brisbane River were severely eroded and an estimated 1,040,000 tonnes of sediment was subsequently delivered into Moreton Bay [7] . Yu et al. [25] reported that the sediment plume flowed along-shore for a distance of about 30 km and cross-shore for a maximum width of 14 km. However, it is still unknown that the hydrodynamic characteristics of the flood-driven sediment plume in a tidal dominant estuary, such as sediment plume evolution and sediment deposition and erosion. Therefore, the sediment transport during this extreme flood event was investigated in the present study by using a three dimensional numerical model, focusing on the investigation of sediment plume evolution and sediment transport behaviour in a shallow coastal region during peak flood discharges.
Methodology

Study area
The semi-closed Moreton Bay is located in sub-tropical Southeast Queensland, Australia. The bay extends from 153.1°E to 153.3°E and from 27.05°S to 27.5°S, and covers an area of 1523 km 2 , with a water depth ranging from 2 to 27 m, as shown in Fig. 1a , b [6] . The Brisbane River, which passes through the city of Brisbane, empties into the west of the bay with a mean annual flow runoff of 1.65 9 10 8 m 3
, and contributes approximately 1.78 9 10 5 tonnes of sediment during an average flow year [9, 18] . The ETM zone usually occurs in the upstream reach of the BRE, ranging from 100 to 160 NTU, during the wet season under non-significant flood conditions. The eastern Australian coast experienced an extremely wet period from late November 2010 to January 2011. The highest peak rainfall took place from 10 to 12 January, and the entire Brisbane River catchment received an average 3-day-rainfall of 286.4 mm [15] . Following this heavy rainfall, the most devastating floods occurred during the second week of January 2011, as shown in Fig. 1c , with an estimated peak discharge of approximately 10,000 m 3 /s [1] . As enormous volumes of flood water flowed down the river, the turbidity distribution significantly changed to a gradually increasing pattern from upstream to downstream (approaching approximately 2000 NTU) within the estuary [26] . A large sediment plume was observed as the flood water passed through the river mouth and settled in the bay. Both the river and bay displayed elevated turbidity levels.
Field measurement and satellite MODIS images
The Ecosystem Health Monitoring Program (EHMP) Queensland conducted water sampling to monitor the water salinity, temperature and turbidity in the river and bay before and after the flood event. Currently, there are 16 monitoring sites along the estuary from the river mouth up to the tidal limit, and 30 monitoring sites throughout the bay which are marked in Fig. 1a . In addition to the field measurement data, satellite MODIS images, which are taken on a daily basis with a spatial resolution of 250 m, were applied to identify the plume in the bay. After excluding cloudy day images, Fig. 2 exhibits the visible sediment plume in Moreton Bay on certain days of the flood event. A small sediment plume was observed in the vicinity of the river mouth on 22 December 2010 (Fig. 2a) , which spread into the northern bay. It then produced a more visible sediment plume on 30 December (Fig. 2b) . In consequence of the high flood discharge in early January 2011, a larger plume, which developed in the northern bay ( Fig. 2c-e) , flowed into the adjacent ocean at the North Passage. As the flow runoff decreased, the plume gradually diluted. It can be seen in Fig. 2f that the sediment plume was no longer visible on 1 February.
Sediment rating curve and estimation
The Department of Environment and Resource Management (DERM) Queensland regularly records the volume of water (q) and turbidity levels (C T ) at their stream monitoring sites in the Brisbane River catchment. A sample of the flow rate at the intersection of the Brisbane River at Savages Crossing, the Bremer River, and Oxley Cree was taken, and this represents discharge of flood runoff of the Brisbane River.
The flow rates of the Brisbane River at Savages Crossing, the Bremer River, and Oxley Creek were used to represent the discharge of flood runoff of the Brisbane River. Due to The available measurements of the daily river discharge and estimation of the daily SSC from 2001 to 2014 were applied to develop a sediment rating curve following Eq. (1), in which a is the rating coefficient and b is the rating exponent. It was found that the best rating curve was obtained with a R 2 of 0.73, based on the factor a of 14.87 and b exponent of 0.36 which was close to the value of 0.4 suggested by Ciesiolka et al. [5] . The sediment rating curve was therefore applied to estimate the suspended sediment concentration of the river estuary during the January 2011 flood event.
The water turbidity, C T , at certain locations (as marked in Fig. 1a ) was monthly measured and recorded in NTU by the EHMP. The simplified correlation in Eq. (2) was applied to estimate the SSC, C s , which was proposed by Hossain et al. [12] to describe the relationship between sediment concentration (mg/L) and water turbidity levels (NTU) in the BRE.
Model set-up and results validation
To conduct an investigation into sediment transport in Moreton Bay during the January 2011 flood event, MIKE3 DHI, a three dimensional hydrodynamic model coupled with a mud transport module was used. This model was calibrated in our previous studies [25] . The domain of Moreton Bay is presented as a network of three-dimensional elements. In the horizontal domain, the model geometry consists of a mesh with 13,918 elements, with spatial resolutions ranging from 250 to 1000 m, as shown in Fig. 1b . In the vertical domain, the variable sigma co-ordinates formulated by Song and Haidvogel [20] were applied, with ten vertical layers in each water column. This permitted the resolutions at the surface, mid-depth and bottom to be about 0.5, 1-2 and 0.5 m, respectively. To guarantee the stability of the numerical simulation, the time step was determined to be 30 s to ensure that the Courant Friedrichs and Lewy (CFL) number was less than 1 [8] .
The tidal elevations at 10 min intervals predicted by MIKE DHI served as open boundary condition at the northern, eastern and southern sides. The sea surface temperature and salinity data recorded at the EHMP sites were applied as the initial conditions in the simulation. Daily wind data collected at the site (153.13°E, 27.39°S) by the Australian Bureau of Meteorology was used as model input, and was constant throughout the entire study area.
Sediment delivered by the flood was dominated by fine particles [16] . Brown et al. [3] reported that the median particle size d 50 was about 25 lm during the January 2011 flood event. The mud transport module was therefore included in the simulation. The dispersion parameter setting in this module was the same as the setting used by Yu et al. [26] . The critical shear stresses of deposition and erosion were set as 0.03 and 0.05 N/m 2 respectively [2, 14, 26] .
The simulation ran from November 2010 to February 2011, based on the model configuration described above. The simulated results were validated in terms of temperature, salinity, suspended sediment concentration and water level. The efficiency of the simulation is shown in Fig. 3 , and the statistical error is estimated in Table 1 . These parameters are defined in the following Eq. (3)- (6), where g obs and g sim represent the observation and simulation data, respectively, and n is the number of data record.
As can be seen in Fig. 3a , the model well predicted the salinity in near-field where the salinity was lower than 20 psu, but under-predicted in far-field where the salinity was higher than 30 psu. Comparable simulated salinity results in near-field indicate the model reproduced the river flood-driven plume spreading in the vicinity of the river mouth. The deviation of salinity in far-field is mainly resulted from the application of constant salinity conditions along the open boundaries due to the lack of salinity data. The scatter diagram (Fig. 3b ) depicts the temperature comparison between observation and simulation during 1-month period, with a scatter index of 0.28. The deviation was similar at different temperature levels. Figure 3c shows the sediment concentration comparison, with a relatively larger scatter index of 0.48. This might be attributed to having to estimate the relationship between the sediment concentration and water turbidity, as well as the sediment rating curve based on the river discharge. In addition, the vertical profiles of salinity, temperature, and SSC are shown in Fig. 3d -f, respectively. The simulated vertical profiles generally matched the observed profiles, both at Site 510 (at open water) and Site 409 (close to the coast). The variations in water levels were exhibited in Fig. 3g , showing that the model is able to effectively reflect the varying flow conditions. Overall, the numerical model used in the study gave fairly reasonable predictions regarding the salinity, temperature, and SSC in horizontal and vertical distributions, and the water level during the entire event.
3 Results and discussion 3.1 The evolution of the flood-driven sediment plume
The horizontal evolution of the plume
The flood-driven sediment plume discharging from the BRE was investigated. Figure 4 shows the horizontal evolution of the sediment plume before, during and after the flood peak discharge in January 2011. As shown in Fig. 4a , b, the sediment plume was first formed in the vicinity of the river mouth after the high rainfall occurred in the Brisbane River catchment from November 2010. The sediment plume mainly spread towards the east and along the northern coast, due to the combined effects of the Coriolis force and large river runoff, with the SSC ranging from the 0.08 to 0.32 kg/m 3 . The high SSC was observed around the Brisbane Bar at the river mouth, as shown in Fig. 4c . As the BRE remained at a low level of SSC during this period, the high level of SSC was attributed to the sediment resuspension in the vertical direction, which would be discussed later.
The sediment plume significantly spread in the bay during the flood peak discharge, as shown in Fig. 4d-f . Following the large flood runoff, the plume water not only continuously travelled in the northern bay and passed through the North Passage but also extended eastward (in the seaward direction) forming a visible bulge plume at the entrance of the bay, and covering an area of approximately 360 km 2 (Fig. 4d) . The higher level of SSC occurred at the river mouth (Fig. 4e) , and was similar to the distribution of SSC in Fig. 4c . The largest discharge occurred in the Brisbane River catchment on 12 January 2011, producing a high concentration of flood runoff entering the bay. As a result, the level of SSC was up to 1.12 kg/m 3 in the estuary and in the plume bulge at the river mouth. The sediment plume was growing and further dispersed within the bay as shown in Fig. 4f . After the flood peak discharge, the sediment plume started to settled and be diluted. On the one hand, the SSC of river runoff decreased significantly, and therefore the sediment plume in the vicinity of the river mouth was diluted by the river runoff with the lower level of SSC; on the other hand, the clear oceanic water entering from the North Passage and East Passage mixed with the plume water. Therefore, it can be seen in Fig. 4 that the region of plume bulge with higher SSC became smaller (Fig. 4g) , and the concentration dropped further (Fig. 4h) . The level of SSC and the size of the plume also decreased as shown in Fig. 4i , j. Overall, the simulated horizontal evolution of the sediment-plume is consistent with the finding of salinity dispersion in Yu et al. [25, 27] .
In addition, the outermost boundary of the simulated plume was outlined that overlapped with the satellite image in Fig. 4k , to show the comparison of the plume between the simulation and remote observation. The major part of the simulated sediment plume was the same as observed by Satellite. The minor difference was that a small section of the sediment plume was pushed further to North Passage rather than spread in the central bay as indicated by the simulation result. The discrepancy was probably attributed to the use of the predicted tidal elevation at open boundaries, due to a lack of field measurement record. The less precise tidal elevations may produce less accurate current in the bay which in turn affected the sediment plume movement.
The vertical evolution of the plume
The sediment resuspension usually took place in the vicinity of the river mouth during the plume development, resulting in higher concentration distribution. To illustrate the sediment resuspension process, Fig. 5 exhibits the vertical distributions of the sediment plume (from Fig. 5a-c) , the vector of flow velocity (from Fig. 5d-f ) on 9 January. In the vertical direction, the variable sigma co-ordinates formulated by Song and Haidvogel [20] were applied. The whole water column was divided into 10 layers. Therefore, the Layer 1, 5, and 10 represent near-bottom, intermediate, and water surface, respectively. In addition, seven points along the river estuary were selected and the vertical transections were taken. As shown in Fig. 5a , the high concentration (in red) occurred only in the near-bottom layer (Layer 1) within the middle BRE. Because the sediment concentration in the bottom layer remained at a relatively low level at the estuarine entrance, the high concentration of the sediment was considered to be the result of erosion from the active bed layer in areas where the bed shear stress was larger than the critical stress. It was observed that the bed erosion first occurred at three places, as circled in Fig. 5d . The appearance of high concentration here resulted from the occurrence of river bed erosion and sediment resuspension which was essentially due to the large shear stress and turbulence. Figure 5b shows that after 45 min of resuspension from the bottom layer, the concentration in the intermediate layer (Layer 5) increased to approximately 1.2 kg/m 3 . The particles in the bottom layer were not only lifted, but also pushed outward by the river runoff, as shown in Fig. 5e . The water column was then well mixed after another 45 min, as depicted in Fig. 5c , f, and the concentration in the surface layer (Layer 10) was around 1.2 kg/m 3 . Before the incidence of flood peak discharge, the anticipated dominant process of sediment transport was that the particles would be lifted from the near-bottom layer due to the large shear stress and turbulence, and then the whole water column would be well mixed in a short time.
During the flood peak discharge, the large amount of sediment was easily transported downstream, and sediment resuspension was no longer the dominant process in the water column. Figure 6a shows that the water had been well mixed in the shallow upstream estuary (IP1-IP5) on 12 January, and the high concentration runoff was pushed to the river mouth (IP5-IP7). The flood water was discharged into the bay at a high rate, while another stream of water flowed into the river estuary in the near-bottom layer between IP7 and IP8, as shown in Fig. 6b . This stream of water was believed to be the saline water via the bay, as its salinity was around 32 psu (Fig. 6c) . It is therefore evident that saline waters at relatively low SSC from the bay, flowed into the estuary in the near-bottom layer, while the flood water at high SSC level rushed into the bay via the surface layer, resulting in significant stratification of concentrations in the vicinity of the river mouth. As the flood runoff continuously discharged from the upstream area, the region (IP1-IP7) was filled by water with high SSC as shown in Fig. 6d . However, the stratification at the river mouth still remained the same. The long lasting presence of the stratification at the river mouth reveals that the horizontal movement of sediment plume was predominant under high flood river discharge, and sediment settling was minor. After the peak flood discharge, the concentration level of sediment fell back within the region between IP1 and IP4 (Fig. 6e) . As a result, the water was progressively diluted, within the region where the highest concentration occurred (IP4-IP7), as shown in Fig. 6f. 
Suspended sediment transport during peak discharges
Suspended sediment flux in the vicinity of the river mouth during the flood peak discharge was investigated following Eq. (7) where F is suspended sediment flux, U donates instantaneous flow velocity, and C s is suspended sediment concentration. Both F and U are separated into u, v, and w components. The suspended sediment flux in the surface layer, near-bottom layer and as well as the depth-averaged flux along the BRE estuary were calculated. Figure 7 exhibits variations of suspended sediment flux at three locations, IP1 (downstream estuary, close to the river mouth), IP4 (at the river mouth) and IP8 (off the river Environ Fluid Mech (2017) 17:1233-1253 1243 mouth), during the largest peak discharge of this flood event. The water level, horizontal sediment flux in the u-(longitudinal) and v-(latitudinal) components, and vertical sediment flux in the w-component at IP1, are presented in Fig. 7a1-a4 , which are the same layouts for IP4 (b1-b4) and IP8 (c1-c4), respectively. The water level at IP1 responded to the rainfall by rising rapidly, with two remarkable peaks between 9 and 12 January (Fig. 7a1) , and then falling slowly within hours of the rain ceasing. The u-component of suspended sediment flux at IP1 correspondingly increased between 10 and 12 January, reaching up to 4 kg/m 2 /s. The variations of sediment flux in the surface and near-bottom layers were consistent with the depth-averaged flux as shown in Fig. 7a2 , implying that the suspended sediment in the entire water column had the same behaviour. Compared to the significant changes in u-component flux during peak discharges, suspended sediment flux in the v-and w-components varied slightly. The value of flux in the v-component was up to 2 kg/m 2 /s as shown in Fig. 7a3 , which was approximately 50% less than it was in the u-component. The w-component flux level was two orders of magnitude lower than it was in the v-component, indicating that the horizontal component was more predominant. As shown in Fig. 7a4 , the negative suspended sediment flux in the w-component demonstrates that the suspended sediment was moving downwards in the water column, with the effect of flux increasing from the surface layer to the Fig. 6 The simulated vertical evolution of flood-driven sediment plume during the flood peak discharge on 12 January. a Vertical distribution of sediment concentration at 7 a.m., with b the current vector within the region between IP7 and IP8 and c the salinity distribution at the same time. d-f The variation of the vertical distribution of sediment concentration at 8.45 a.m., 1.45 p.m. on 12 January, and 12 noon on 13 January, respectively near-bottom layer during the peak flood discharge. Overall, at IP1 which is within the downstream estuary, the horizontal suspended sediment flux was more predominant compared to the small amount of flux in the vertical direction. It was also found that the sediment transport behaviour was consistent throughout the whole water column at IP1. The fluctuation of the water level at IP4 was less affected by flood water runoff compared to IP1. Two small peaks of the water level were observed between 9 and 12 January in Fig. 7b1 . It was evident that the suspended sediment flux in the u-component was significantly smaller than the v-component as shown in Fig. 7b2, b3 , which was completely the opposite to the conditions at IP4. The reason was that the change in the direction of the river course resulted in the change of predominant flow from the u-component to the vcomponent. The w-component flux level was still two orders of magnitude lower than the u-component in Fig. 7b4 . However, it was found that the w-component of near-bottom flux was positive, which indicated the occurrence of sediment resuspension in the near-bottom layer at IP4 during the period.
It was indicated by straight lines in Fig. 7 that three peaks of sediment flux were observed. To further investigate the behaviour of sediment transport, the flow velocity and the SSC at IP4 were examined separately, as shown in Fig. 8 , focusing on these three peaks. They were (1) the first peak of suspended sediment flux occurred immediately after the first peak of water level at high tide; (2) the second and third peaks of sediment flux occurred at low tide, following the occurrence of the second peak of water level. The first Compared to the suspended sediment flux at IP1 and IP4, the flux variations at IP8 were about one order of magnitude smaller in all three components. Panel c in Fig. 7 exhibits the water level variation without spikes, slight peaks of flux in the u-component, regular fluctuation in the v-component, and negligible variance in the w-component. In general, the sediment flux off the river mouth was mainly driven by tidal currents. The large flood runoff might cause a sudden peak in the u-component of the sediment flux; however, the tidal effects on the v-component of flux were more evident.
In addition to the three components of flux discussed above, the horizontal sediment flux was calculated following Eq. (8) and (9),
where Fh is the horizontal flux, F u and F v are depth-averaged sediment flux in u-and vcomponents, respectively, h is the angle between Fh and the true north. The positive sign of horizontal flux denotes seaward direction transport, and vice versa, landward direction transport. Considering the river channel is about 52°east of the true north, the horizontal flux is positive if h is between -38°and 142°, otherwise the flux is negative. Figure 9 shows the variations of the horizontal flux at all selected locations during this flood event. The large flood discharge resulted in a net seaward horizontal flux of sediment in the region between IP1 and IP6 during the event, then dropping back towards zero following the second peak discharge, as shown in Fig. 9a, b . For the two locations IP7 and IP8 which were off the river mouth, apart from the effects of the flood discharge, the horizontal flux variation was also highly dependent on the tidal conditions. Figure 9c , d depict that the horizontal flux typically fluctuated as tidal currents, resulting in the sediment transport in the seaward direction during the flood tide, and turned landward direction during the ebb tide. The two flood peaks discharge caused the high value of horizontal flux on the day at IP7 and IP8, however, the peak values dropped rapidly. It was found that the section of downstream estuary and river mouth area could be generally separated into four regions, according to the variations of their horizontal fluxes. They are (1) Region One, bounded by IP1 and IP4 in the estuary; (2) Region Two, between IP4 and IP6 at the river mouth; (3) Region Three, between IP6 and IP7 which is a short distance from the river mouth; (4) Region Four, between IP7 and IP8 in the bay. In Region One, it was estimated that the horizontal flux continually increased by 0.9, 12.3, and 14.6%, respectively, between each investigated point (IP) along the downstream estuary. However, the horizontal flux then changed to decline in Region Two, which decreased by approximately 15.4% from IP4 to IP5. The largest reduction in the horizontal flux occurred in Region Three, with the value significantly dropping by 48.3% from IP6 to IP7, compared to the 5.6% decrease in Region Four. The different variations of flux within these regions indicate the distinct behaviour of sediment transport during the flood, corresponding to the combined effects of the flood discharge and tidal conditions. Within the first region, the sediment transport was mainly driven by the flood discharge. The sediment was therefore carried in the seaward direction, with the horizontal flux increasing along the estuary. Within the second region, the sediment transport was similar to what it was in the first region. However, the magnitude of horizontal flux decreased, as water exchange took place at the river mouth which in turn reduced both the flow velocity and sediment concentration. Within the third region, the tidal effect was more and more evident on the sediment transport, resulting in the fluctuation in the direction of sediment movement and significant decrease of magnitude of the horizontal sediment flux. Within the fourth region, tidal effects became the major factor driving sediment transport, whereas the flood peak discharge could only cause significant variation in the short term.
Sediment loading during the flood event
Cumulative sediment loading at the river mouth
The cumulative sediment loading, Q cum was estimated as Eq. (10) during a certain period of time,
where Fh is the horizontal sediment flux and A denotes the area of cross-sections. The negative sign of Q cum represents sediment transport in the landwards direction. The cumulative sediment loadings through the cross-section around IP4 were calculated during each individual flood tide, ebb tide and tidal cycle, as shown in Fig. 10 , respectively. A tidal cycle is defined as high tide-low tide-high tide hereafter.
It can be seen in Fig. 10a that the sediment was transported in the seaward direction during ebb tides. Approximately 500 tonnes of sediment were discharged into the coastal bay over an individual ebb tide at the beginning of January. During flood tides in early January, the amount of the cumulative sediment loading usually increased in the first hour and then changed to decrease. As shown in Fig. 10b , for instance, the amount of cumulative sediment loading increased up to 31 tonnes, but it then decreased to -332 tonnes at the end of spring flood tide. The increase-then-decrease pattern of the cumulative sediment loading indicates that the sediment was initially transported in the seaward direction, which was mainly driven by the flood runoff. With the rising water level, the sediment was then pushed back from the bay to the river estuary, which was primarily driven by the flood tidal current. The negative Q cum demonstrates the occurrence of net sediment transport in the landward direction over each individual flood tide at the beginning of January. However, the net sediment loading over the individual ebb tide was typically one order of magnitude higher than it was over the individual flood tide, resulting in all positive values of Q cum which indicated the sediment transport being directed seawards over the individual tidal cycle.
As the flood discharge gradually increased from 6 January, the behaviour of sediment transport at IP4 was more dependent on flood conditions than tidal currents. As shown in Fig. 10 , the values of Q cum were all positive from 6 January, implying that the sediment was continually discharged in the seaward direction over both ebb and flood tides. During the period of flood peak discharge, the amount of sediment loading was approximately 9.5 9 10 4 and 8.5 9 10 4 tonnes over neap ebb and flood tides, respectively, resulting in a total amount of 1.8 9 10 5 tonnes over one tidal cycle. As the flood discharge gradually decreased, the increase-then decrease pattern of the cumulative sediment loading was observed again during the spring flood tide at the end of January, as marked in Fig. 10b significant effects of tidal current on the sediment transport. Figure 11 shows the cumulative sediment loading during the flood event in January 2011. The amount of sediment loading significantly increased during the flood peak discharge, which contributed to about 95% of sediment loading in the event. It was estimated that approximately 1.01 9 10 6 tonnes of sediment loading was discharged from the BRE into the bay during the flood event. This value was similar to the Olley and Croke [17] evaluation which estimated the sediment loading to be 1.04 9 10 6 tonnes, with a discrepancy of 2.9%.
Estimation of sediment erosion
Based on the estimation method of the cumulative sediment loading above, the difference of the cumulative sediment loading DQ cum between IP1 and IP4 was calculated, where negative denotes the sediment deposition and positive represents the sediment erosion from the river bed and channel. Table 2 shows the cumulative sediment loading over different tidal cycles at IP1 and IP4. Over the 5th tidal cycle (before flood peak), about 157 and 240 tonnes of sediment was transported seawards through IP1 and IP4, respectively, implying that approximately 83 tonnes of sediment was being eroded from the river channel between IP1 and IP4. Over the 21st tidal cycle (during the flood peak discharge), the cumulative sediment loading was all positive, implying that the net sediment transport being seawards both over ebb and flood tides was due to the strong effects of flood runoff. The large flood discharge also led to approximately 6.1 9 10 4 tonnes of sediment erosion within the region between IP1 and The DQ cum is the difference of the cumulative sediment loading between IP1 and IP4. All units are in tonnes IP4. After the rainfall ceased, the sediment loading gradually decreased. For example, there was 1.6 9 10 3 tonnes of sediment being transported in the seaward direction over the 36th tidal cycle, with only 546 tonnes of sediment caused from erosion.
In addition, the tidal asymmetries in sediment transport were observed at IP4 over the 54th tidal cycle, with magnitude of Q cum over the flood tide which was larger than it being ebb tide. It was estimated that approximately 95 tonnes of sediment was moved seawards during the ebb tide, compared to 183 tonnes of sediment being transported in the landward direction during the flood tide. There was about 89 tonnes of sediment left at IP4 after the whole tidal cycle, substantially due to the tidal asymmetries.
The estimation of sediment erosion was conducted above. The analysis of the difference of the cumulative sediment loading shows that significant erosion took place during the flood event, which contributed to a large amount of sediment being transported into the bay. Sediment deposition rarely occurred during the event. The tidal asymmetries in sediment transport were also identified. Without the influence of flood runoff, the sediment was typically transported in the landward direction, from the bay to the estuary. The estimation method of sediment erosion based on the cumulative sediment loading, however, was limited. The sediment erosion/deposition status in a certain region cannot be determined if the directions of net sediment transport are different at boundaries. Over the 54th tidal cycle, for an instance, the sediment was transported in the seaward direction at IP1, with the cumulative loading of 27 tonnes, whereas the net sediment transport was directed landwards at IP4. The DQ cum therefore cannot be applied to explain the variation of sediment loading.
Conclusions
This study simulated and analysed the transport behaviour of the flood-driven sediment plume in the BRE and Moreton Bay. The numerical simulation results showed that the sediment plume widely spread in the bay following the flood peak discharge. The flood runoff was the main factor to drive the plume generation and development in a horizontal direction. In the vertical direction, sediment significant resuspension in the water column was found at the river mouth. Before the incidence of flood peak discharge, the anticipated dominant process of sediment transport was that the particles would be lifted from the near-bottom layer due to the large shear stress and turbulence, and then the entire water column would be well mixed in a short time. Due to the extremely large flood discharge, the estuary was filled by flood water with high SSC. During the flood tide, saline water flowed into the estuary via the near-bottom layer, while the flood water at high SSC level rushed into the bay via the surface layer, resulting in significant stratification of concentrations at the river mouth.
It was also found that the characteristics of sediment transport were determined by the combined effects of flood runoff and tidal currents. Four distinct characteristics of sediment transport were identified, based on the analysis of variations of horizontal sediment flux. Firstly, within the estuary, the sediment was driven by the flood discharge and primarily transported in the seaward direction, leading to an increase of the horizontal sediment flux (up to 5 kg/m 2 /s) along the estuary. Secondly, at the river mouth, the transport pattern of sediment was similar to what it was in the first region, however, the horizontal flux was significantly smaller by 50%. Thirdly, a short distance from the river mouth, the difference occurred not only in magnitude but also in transport pattern. The horizontal sediment flux was about one order of magnitude lower than it was in the estuary, and the direction of sediment movement fluctuated with tides switching between landwards and seawards. Lastly, within the coastal bay, the sediment transport was mainly driven by tides. Its horizontal flux further decreased by about one order of magnitude, compared to the flux in the third region.
The analysis on sediment loading during the individual ebb tide, flood tide and the whole tidal cycle was conducted. Due to the large flood discharge, the amount of sediment loading generally increased over each individual tidal cycle. The increase-then-decrease pattern of sediment loading was observed only over spring flood tides before and after peak discharge, indicating the significant effects of tidal current on the sediment transport. It was estimated that approximately 1.01 9 10 6 tonnes of sediment loading was discharged from the BRE into the bay during the flood event in January 2011.
